Abstract-The transverse oscillation (TO) technique can improve the estimation of tissue motion perpendicular to the ultrasound beam direction. TOs can be introduced using plane wave (PW) insonification and bilobed Gaussian apodization (BA) on receive (abbreviated as PWTO). Furthermore, the TO frequency of PWTO can be doubled after a heterodyning demodulation process is performed (abbreviated as PWTO*). This paper is concerned with identifying the limitations of the PWTO technique in the specific context of myocardial deformation imaging with phased arrays and investigating the conditions in which it remains advantageous over traditional focused (FOC) beamforming. For this purpose, several tissue phantoms were simulated using Field II, undergoing a wide range of displacement magnitudes and modes (lateral, axial, and rotational motions). The Cramer-Rao lower bound was used to optimize TO beamforming parameters and theoretically predict the fundamental tracking performance limits associated with the FOC, PWTO, and PWTO* beamforming scenarios. This framework was extended to also predict the performance for BA functions that are windowed by the physical aperture of the transducer, leading to higher lateral oscillations. It was found that windowed BA functions resulted in lower jitter errors compared with traditional BA functions. PWTO* outperformed FOC at all investigated signal-to-noise ratio (SNR) levels but only up to a certain displacement, with the advantage rapidly decreasing when the SNR increased. These results suggest that PWTO* improves lateral tracking performance, but only when interframe displacements remain relatively low. This paper concludes by translating these findings into a clinical environment by suggesting optimal scanner settings.
Evaluation of the Transverse Oscillation Technique
for Cardiac Phased Array Imaging: A Theoretical Study mance noninvasively. Most commercial US vendors currently offer software packages able to extract both 2-D and 3-D cardiac strain [1] , [2] . Over the past decade, the potential for cardiac deformation imaging to support clinical decision making has been demonstrated in a variety of scenarios [3] . Its gain in popularity on the clinical side went hand in hand with global research efforts on the engineering side to develop more robust motion estimators to assess cardiac mechanics. From a conceptual point of view, these technological advances can be classified according to those leading to improvements on the image acquisition side (i.e., US hardware and beamforming developments) and those that operate on the postprocessing side (i.e., US signal and image processing strategies). While often seen as separate research fields requiring two different expertises, advances in both areas are intrinsically linked as existing image processing techniques are expected to naturally benefit from an improved US image quality (i.e., a better spatial and higher temporal resolution), and vice versa. For example, obtaining robust deformation estimates perpendicular to the US insonification (i.e., in the transversal direction) is intrinsically more difficult due to the lower image resolution and low transverse frequency content of traditional US images. It has been shown that transverse oscillations (TOs) can be introduced in several ways during the beamforming process, which naturally lead to better transverse motion estimates [4] . This technique has been applied in the context of tissue imaging [5] and blood flow imaging [6] , with the majority of work tailored to 2-D linear arrays. More recently, the TO technique has been extended to phased array [7] and convex array geometries [8] for blood flow imaging. The latest reports have demonstrated their use in the context of 3-D imaging [9] , [10] . A comparison of different tracking algorithms for TO imaging was given in [11] . As an alternative, TOs can also be generated after the beamforming process, i.e., synthetically without the use of dedicated beamformers, either by performing signal manipulations in the frequency domain [12] - [14] or by image filtering in the frequency domain [15] - [17] .
This paper investigates the use of the TO technique in the specific context of myocardial deformation imaging. Translating this technique into cardiac phased arrays for tissue imaging is particularly challenging due to the small transducer footprint, the spread of the US beams over depth, and the relatively low operating frequency (due to the required penetration depth). These are all factors limiting the maximal attainable TO frequency. Furthermore, choosing the optimal 0885-3010 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TO beamforming parameters is not straightforward and can impact tracking performance. An optimization strategy for blood flow imaging on phased arrays was described in [7] . However, the optimization process in the context of tissue imaging with phased arrays has remained underexplored. While several (phase-based) algorithms were specifically designed to take advantage of the lateral frequencies present in the TO images and were shown to perform better than traditional speckle tracking algorithms (see [10] , [18] - [20] ), these studies did not necessarily investigate the impact of the TO parameter choice on tracking performance as a single TO parameter combination was used. This paper aims to address this underexplored area. We propose the use of the Cramer-Rao lower bound (CRLB) to optimize TO beamforming parameters and predict the fundamental tracking performance limits associated with each beamforming sequence. This allows us to look at trends without being influenced by the specific implementation or assumptions of a particular motion estimator, e.g., some of them require an exact estimate of the lateral frequency produced by beamforming in order to extract motion [21] .
The presented CRLB formulation is an extension of [22] to include windowed aperture functions, allowing us to predict performance for apodization functions beyond those that traditional phase-based motion estimators typically work with (due to the required analytic signal assumptions). Also, the CRLB formulation now takes the effect of aperture apodization on electronic signal-to-noise ratio (SNR) into account. We investigate the performance over a much larger range of motions and with different beamformers (compared with a single motion and a beamformer in [22] ). Finally, we apply the CRLB to phased arrays as opposed to linear arrays in [22] . As will be shown, the presence of speckle decorrelation when imposing lateral motion will now play a more pronounced role in predicting tracking performance. This paper is organized as follows. Section II gives an overview of the different strategies described in the literature to generate and analyze TOs. In particular, Sections II-A-II-D describe and motivate the three beamforming sequences that are compared in this paper. Section II-E highlights the observations that led to this paper, in particular the considerations and specific challenges faced when moving from a linear to a phased array. The extensions made to the CRLB formulation are the subject of Section III. The different in silico scenarios that are evaluated are described in Section IV. The results for each scenario are then discussed in Section V. This paper concludes with the implications of these results in determining optimal scanner settings in a clinical environment. The list of abbreviations used in this paper is given in Table I .
II. BEAMFORMING STRATEGIES

A. Ultrasound Image Formation
The formation of a 2-D US radio-frequency (RF) image can be modeled as a linear acoustic system that is fully characterized by its point spread function (PSF) p(x, z) [23] . The two-way PSF can be considered separable in space, 
with the lateral radiation pattern p x (x) being the product of its lateral components in transmit p t x (x) and receive p r x (x) and with p z (z) being the pulse echo axial response.
According to the Fraunhofer approximation, the lateral pressure pattern in either transmit or receive can be estimated by taking the Fourier transform of the respective aperture function w(ξ ) evaluated at spatial frequencies f x = (x/λ z z), where λ z is the transmitted pulse wavelength, and ξ is a variable describing the spatial position on the aperture [25] . Equivalently, for two-way beamforming, this profile can be obtained by the Fourier transform of the convolution of the transmit w t (ξ ) and receive w r (ξ ) apertures. This approximation is valid at the focal point of a focused transmit sequence or in the far field of an unfocused transmit event and assumes a narrowband transmit. This leads to a general expression for the PSF
where the axial profile is determined by the transmitted pulse, here represented by a Gaussian-weighted sinusoid with width σ z and axial frequency f z = (1/λ z ). Note the factor of 2 in the axial direction since the round-trip distance is considered.
B. Conventional Focused Beamforming
In conventional imaging, a series of pulse echo measurements are made in different directions to cover the region of interest. Conventionally, one image line is reconstructed per transmit event i.e., single line acquisition (SLA). In order to obtain an optimal lateral resolution, the US beam is typically focused using the full aperture, followed by dynamic focusing on receive and applying receive apodization to reduce sidelobes. This sequence will hereafter be referred to as FOC. For example, Fig. 1(a) shows a typical PSF for a FOC-SLA sequence acquired with a phased array, without transmit apodization and with receive Hanning windowing. The PSF is spatially invariant under lateral motion. The parameter settings for these Field II simulations [26] are described more in detail in Section IV.
C. Transverse Oscillation Beamforming
As can be seen in (2) using the Fraunhofer approximation, a laterally oscillating field can be generated by choosing the appropriate apodization functions during one-way (in either transmit or receive) or two-way beamforming [5] , [11] . The latter approach leads to higher lateral frequencies but can also be limiting as the transmit focus is fixed, unless a full synthetic aperture data set is used for beamforming. However, beamforming these data sets in real time and under conditions of motion remains challenging.
In this paper, we study the receive-only approach where an unfocused plane wave (PW) is transmitted using the full aperture to influence the lateral PSF as little as possible such that p x (x) = F {w r (ξ )}(f x ). Intuitively, p x (x) will oscillate by choosing w r (ξ ) as the convolution of an arbitrary function f (ξ ) with two delta functions symmetrically positioned at ±ξ 0 on the aperture to produce the windowing function w apod (ξ ) [4] . Strictly speaking, w apod (ξ ) should be windowed to the physical aperture by rect(ξ/D), defined as being 1 between ±D/2 and with D the width of the aperture [4] . In practice, however, the rect function is usually omitted as one assumes w apod to be sufficiently small outside the aperture to ensure that signal manipulations can be simplified as follows
Many arbitrary functions f (ξ ) have been proposed, e.g., sinc [4] , [27] ; Gaussian [21] , [28] ; Hanning [29] ; Hamming [30] ; and Blackman [30] . In the context of blood flow imaging, it has been shown that the shape of f (ξ ) is not crucial for the performance of a motion estimator [29] . The Gaussian is further examined in this paper, mainly for its prevalent use in the context of tissue imaging, which is our intended application area [21] . More specifically, following (3), the bilobed Gaussian apodisation (BA) on receive is given by
with σ 0 and ±ξ 0 being the width and two centers of the Gaussians, respectively. The resulting PSF p(x, z) according to (2) is therefore
In the case of a linear array, one can obtain a depthindependent 2-D PSF function, oscillating at constant axial and lateral wavelengths (λ z and λ x ), and with axial and lateral widths (determined by σ z and σ x )
when aperture growth is considered by making the BA parameters depth dependent 1
The above expressions can be easily translated into a phased array by performing a polar coordinate transformation [10] by setting z = r , λ x = r λ θ , and σ x = r σ θ . This implies that the 2-D PSF p(r, θ) now oscillates with constant wavelengths when viewed from polar space (λ r and λ θ )
As such, when one envisions tracking tissue in polar space, BA parameters become constant with depth
With the sound field now oscillating in 2-D, several methods have been proposed to more accurately assess lateral motion. Phase-based methods have been popular and estimate the phase shift between sampled spatial quadrature (SQ) signal pairs by applying complex autocorrelators. These SQ pairs are typically created by parallel receive beamforming, either by steering two beams symmetrically around the transmit beam [4] , [11] or by beamforming in the transmit direction with two different receive apodization functions [31] . Rather than directly operating on sampled SQ signals, it is also possible to first beamform the complete US image (showing 2-D TOs). Image processing techniques, such as block matching, can then be applied to assess lateral motion between subsequent frames [32] . In the context of myocardial deformation imaging, image processing techniques directly operating on beamformed images have seen most popularity. As such, we further investigate the use (and properties) of beamformed TO images. Several methods have been described to beamform US images from PW transmits. Fig. 1 (b)-(d) compares three common strategies and shows the corresponding PSF functions when TOs are generated using receive apodization only. The most straightforward beamforming scheme is to send a single PW and reconstruct the whole image [see Fig. 1(b) ] leading to ultrafast image sequences [33] . The downside is that the resulting images typically have a low resolution, and particularly in the context of cardiac imaging, illuminating the full region of interest with a single transmit is difficult. Furthermore, as shown in Fig. 1(b) , the PSF is spatially variant under lateral motion, which makes tracking particularly challenging. As an alternative, in an effort to increase image 1 The factor √ 2 is included here to remain in accordance with [21] .
resolution while maintaining a relatively high frame rate, it has been proposed to coherently sum different steered PWs [34] . However, during this process, the TOs, which were produced on receive for every PW transmit, destructively interfere [see Fig. 1(c) ]. In the third alternative, the image is formed in an SLA fashion [18] , i.e., only the line in the PW transmit direction is reconstructed on receive [see Fig , this scheme leads to a less spatially variant PSF under lateral motion when seen in polar space. This is a desirable feature for tissue tracking because performance is less dependent on the image position. The latter sequence will be used in the remainder of this paper and will be referred to as PWTO.
D. Heterodyning Demodulation
The characteristics of the received 2-D oscillating US field as described above in Section II-C will be influenced by both the axial and lateral velocity components. Traditionally, a twice 1-D scheme is therefore typically adopted, where the two components of the SQ signal are first motion compensated for in the axial direction, before continuing the tracking process laterally [4] , [31] . However, any error originating from the axial motion compensation will deteriorate lateral tracking quality.
Basarab et al. [32] proposed to solve this disadvantage by tracking two pairs of phase images, computed from single quadrant analytic images associated with the original image. As an alternative, tracking can also be performed after a heterodyning demodulation process as proposed in [35] and [36] . This process removes frequency content in one direction while doubling the frequency in the other. It consists of two consecutive stages: 1) the creation of two complex signals r 1 and r 2 and 2) mixing their content to produce axial-only and lateral-only oscillations. Both stages can be implemented in numerous ways. Stage 1 can be realized using a series of spatial Hilbert transforms detailed in [22] , starting from the odd/even apodization SQ pair formulated in [35] , or starting from the left/right beam SQ pair described in [36] and [29] . Stage 2 can be achieved by multiplying the complex signals of Stage 1 as in [35] and [22] or by combining the phases directly as in [36] and [29] .
In this paper, we adopt the formulation of [22] . Expressed in terms of the PSF p(x, z), we obtain for Stage 1
where H z and H x stand for the partial Hilbert transform in the z and x directions, respectively. Stage 2 produces a complex PSF p ax (x, z) and a complex PSF p lat (x, z) oscillating only in the axial and lateral directions, respectively, when these operations are performed Next, substituting (15) with the the specific PSF defined in (6), performing a polar coordinate transform, and finally taking the real component of p lat lead to
Compared with (8) , it can be seen that the lateral frequency is doubled. The resulting image is used in the remainder of this paper and is referred to as PWTO* to indicate this is the result after heterodyning. The last column in Fig. 2 shows an example of the resulting PSF function.
E. Linear Versus Phased Array TO Beamforming
Translating a TO sequence from a linear to a phased array has two implications.
First, as addressed in Section II-C, the apodization function should become fixed with depth. This in itself is not a novel finding and has been previously described in [7] and [18] .
The second implication is related to the effect of speckle decorrelation on tracking performance due to the underlying motion. In order to avoid confusion, the following definitions are first adopted in the remainder of this paper. Motion is always defined in Cartesian space, i.e., motion orthogonal or parallel to the transducer surface is termed axial or lateral motion, respectively. Tracking is always performed in beamspace and defined as either along or orthogonal to the beamdirection, i.e., in the radial or transverse directions, respectively. For a linear array, these definitions coincide: tracking a uniaxial/unilateral tissue motion remains a 1-D problem in beamspace. For a phased array, on the other hand, uniaxial or unilateral motion is translated into a 2-D motion field in beamspace. While this is purely the result of geometry, it has greater consequences on tracking performance than has been reported in the context of TO beamforming.
These consequences can be observed in Fig. 2 by looking at the interference pattern change of 2 PSFs undergoing a unilateral or rotational motion. This was quantified by computing the normalized cross correlation between two subsequent speckle patterns, similar to what is done in traditional block matching [37] . Important to note is that the blocks were deformed according to the underlying imposed motion and that observed decorrelation differences are therefore only due to differences in beamforming and array configuration. The same Field II settings were used as in Fig. 1 . For FOC, regardless of the array configuration and the underlying motion, speckle patterns remained correlated. Moving to PWTO, changed these trends. More specifically, the underlying motion causing a shearing component in beamspace led to decorrelation. For the linear and phased arrays, this happened for rotational and lateral motions, respectively. Again, this result is not surprising and these effects have been described before [38] . However, its effect is more pronounced for the PWTO sequence compared with the FOC sequence since the addition of TOs caused the PSF to also become wider.
In the context of blood flow imaging, this effect is not as disruptive. While blood velocities can be fairly high, relative lateral motion remains fairly small as it is estimated between SQ signals sampled at a pulse repetition frequency on the order of kilohertz [6] . On the other hand, if tracking is based on beamformed PWTO images, the frame rate is substantially lower. Since the early adoptions of this technique for phased array tissue imaging [18] , the consequences of this observation on tracking performance have, to the best of our knowledge, not been extensively reported.
III. CRAMER-RAO LOWER BOUND FORMULATION
A. Traditional Formulation
The CRLB predicts the minimum attainable standard deviation of the jitter of the displacement estimates of an unbiased motion estimator. Jitter errors can be seen as slight displacements of the true peak of the cross-correlation function caused by inherent uncertainties of the tracking process. These uncertainties cannot be removed and can be attributed to the combined effects of signal decorrelation, noise, and the use of finite window lengths and bandwidths during motion estimation. Jitter therefore places a fundamental lower limit on the performance of displacement estimators [39] and can be used as a guide to select optimal TO parameters. In this paper, we study the jitter on the lateral motion estimate and therefore assume that the axial motion has been corrected for already (similar to the strategy of [4] ).
The CRLB formulation in this paper is based on the signal model and assumptions chronologically described in [39] and [22] , leading to an expression of the standard deviation of the jitter σ for a transverse motion estimate x with underlying true motion x
This expression provides insights into the fundamental tradeoffs among three parameters: 1) speckle decorrelation expressed as the normalized signal decorrelation ρ computed over a kernel with length T ; 2) electronic SNR of the beamformed signals expressed as a fraction (not in decibels); 3) image frequency content g(u) here represented by the power spectrum G(u). In particular, the term G S S (u) is the normalized signal power spectrum defined as
with a similar expression for the noise power spectrum G N N (u). The latter is assumed constant over the full frequency range. From (17) , it can be seen that the standard deviation of the lateral jitter σ becomes worse when decorrelation is higher (i.e., when ρ decreases), the SNR is lower, or when less transverse, frequency content is available (i.e., the G S S (u) terms contributes more at lower frequencies). In order to properly evaluate the CRLB, an expression for the frequency spectrum g S S (u) is required. This can be obtained using numerical simulations, experimental analysis, or, more elegantly, analytical expressions. Given a known 2-D analytical expression for the PSF p(x, z), the 2-D frequency spectrum P(u, v) is simply found by its Fourier transform
The lateral frequency spectrum was calculated for the dominant central transmit frequency f 0 as
After substituting the analytic PSF functions derived in the previous sections in (20) , the following relationships can be computed for each imaging scenario. The frequency space covered by the FOC imaging scenario with Hanning on receive has the shape of a Hanning window extending up to approximately ±D/(2λ z z)
. (21) where M is the number of array elements. The shape of the frequency spectrum for the PWTO beamformed images is a Gaussian with its shape depending on the TO parameters
Finally, after heterodyning, the PWTO* imaging case sees its frequency shape widened and shifted toward twice the frequency compared with (22) 
We now propose two further refinements to the CRLB formulation to more appropriately evaluate the different TO scenarios. The motivation for both refinements is given in the respective sections.
B. Refinements to the Signal-to-Noise Ratio Term
The representation of the CRLB in (17) did not take into account the effects of individual channel apodization on electronic SNR and assumed that it would remain constant regardless of the imposed apodization. In practice, however, this is not entirely true. For example, lowering the BA width σ 0 while keeping the BA offset ξ 0 constant will decrease the received signal from the outer apodization elements and will therefore also affect (i.e., decrease) the SNR of the overall sum-and-delayed signal. In order to incorporate this effect, we perform the following substitution in (17) :
where SNR is the expected SNR when no transmit or receive apodization is performed and α t and α r are the factors representing the percentage drop in SNR after applying individual channel apodization on transmit and receive, respectively. In order to simplify the subsequent derivation, we further assume that we can increase the scanner power output of the PWTO sequences to realize the same signal amplitude on transmit as the FOC sequence, i.e., α t = 1. Finally, we define α r as follows:
for a 1-D-array with M elements, where w i is the receive apodization of element i . The reader is referred to Appendix A for the derivation of this expression.
C. Refinements to the Frequency Spectrum Term
The current workflow to obtain the expressions for the frequency spectrum terms in (21)-(23) was based on having an analytical expression for the PSF p(x, z) available, which in turn was easily realized by the assumption of (3) stating that contributions of the apodization functions outside the physical aperture were negligible, i.e., w r (ξ ) ≈ w apod (ξ ).
In this paper, we now generalize this by allowing apodization functions to be windowed by the aperture, i.e., w r (ξ ) = w apod (ξ ) · rect(ξ/D). Since obtaining an analytical expression for the PSF p(x, z) is not straightforward anymore, we modify the workflow and work directly in the aperture domain to compute the frequency spectrum g S S (u) term as
This expression holds true for both the FOC and PWTO sequences. It leads to the previously derived expressions for nonwindowed aperture functions of (21) and (22) when dropping the terms associated with the rectangular windowing and substituting w apod appropriately. Following this workflow, as shown in Appendix B, the frequency spectrum of the heterodyned PWTO* sequence can also be expressed in terms of w r (ξ ) as follows:
where S(u) is the Heaviside (step) function. Given that the normalization operation in (18) will remove the scalar weighting term, this expression thus states that the shape of g S S (u) after heterodyning can simply be found by the self-convolution of the right-hand side of the windowed apodization function. This is under the assumption that the apodization function is symmetric around the center of the array.
IV. SIMULATION ENVIRONMENT To gain insight into the performance of the three investigated beamforming scenarios (FOC, PWTO, and PWTO*), different simulations were performed using Field II [26] . An overview is given in Table II . A 64-element phased array (320-μm pitch, 20-μm kerf, and 5-mm element height) was simulated emitting a Gaussian pulse at 3.0 MHz and 70% fractional bandwidth (1.08-μs pulse length). A uniform rectangular speckle-generating in silico phantom was simulated having 80 mm × 40 mm axial-by-lateral dimensions, centrally positioned at a 60-mm depth, using 25 scatterers per resolution cell. Acoustic responses were computed using a sampling rate of 120 MHz, and channel data for each element were stored individually at a sampling rate of 60 MHz.
All three beamforming scenarios used the same SLA scan sequence, imaging the phantom with an opening angle of 20°(from −10°to 10°), using steps of 0.25°to ensure that spatial lateral sampling was above the Nyquist criterium. Apodization was performed according to the state of the art. More specifically, the FOC sequence used a fixed axial focus of 60 mm and beamformed images without For every simulated image pair undergoing a specific displacement, the CRLB was computed according to the procedure outlined in Section III. The normalized cross correlation ρ was computed over rectangular windows having an axialby-lateral size of 1.5 mm × 6 mm, approximately four times the resolution in the axial and lateral dimensions of the FOC beamformer at a depth of 60 mm. The window size was chosen arbitrarily as a compromise, on the one hand, to be large enough to contain enough speckle patterns to properly evaluate speckle decorrelation with induced motion and, on the other hand, to remain small enough to ensure a sufficient spatial resolution of these decorrelation estimates [40] . Decorrelation was computed in polar space, over the window for the displaced image deformed according to the ground truth for reasons explained in Section II-E. The window length T in the CRLB computations was set equal to the lateral window length.
V. RESULTS AND DISCUSSION
The series of experiments that was carried out is summarized in Table II , together with the relevant beamforming parameters. The results for each imaging case are discussed separately. Section V-A starts with demonstrating the general workflow to obtain CRLB curves. Section V-B is concerned with determining the optimal TO parameter settings in two cases: when the bilobed Gaussian falls within the aperture (PWTO90, according to the description in Section III-A) and when its windowed by the aperture (termed PWTO50 with frequency spectrum determined as in Section III-C). The numbers "50" and "90" refer to the group of apodization functions with at least 50% and 90% of their nonzero contributions falling within the aperture. The influence of SNR and the displacement type are the topics of Sections V-C and V-D. The results section continues with extrapolating how the results of this paper could impact choosing appropriate beamformers for in vivo scanning (Section V-E). Finally, limitations are discussed in Section V-F. Fig. 3 illustrates the general workflow to obtain CRLB curves. Fig. 3(a)-(c) shows the different factors going into the CRLB equation leading to the jitter error curves depicted in Fig. 3(d) . For demonstration purposes, a single BA window on receive was chosen for the PWTO and PWTO* sequences (λ θ = 5.75°and σ θ = 10.5°) with a 20-dB SNR.
A. Sample CRLB Curves
For reasons mentioned in Section II-E, note that speckle patterns decorrelated at a much faster rate with PWTO compared with those with FOC (0.76 and 0.98, respectively, for a lateral displacement of 1000 μm and a 20-dB SNR). In this example, the negative effect on tracking performance was not compensated for by the higher TO frequency content, i.e., the FOC sequence produced a lower jitter error for the full displacement range.
After heterodyning, speckle patterns in the PWTO* sequence decorrelated at an even faster rate than PWTO (only 0.54 at 1000 μm). However, this was counteracted by the increased signal spectral content [ Fig. 3(c) ], resulting in a better performance of PWTO* over PWTO over the whole range of considered displacements. Compared with the FOC sequence, PWTO* performed better up to a 127-μm displacement.
B. Optimization of TO Parameters
In the example of Fig. 3 , the positions of the jitter curves for the PWTO and PWTO* scenarios depend on the BA parameters λ θ and σ θ , respectively. In order to find their optima, the range was varied between λ θ = 3°-12°, and σ θ = 0.5°-20°. The minimum λ θ was chosen to result in Gaussians, which were offset such that 50% remained within the aperture. The range for σ θ was selected to realize a wide variety of apodization shapes as shown in Fig. 4 . The optimal BA parameters were determined by computing jitter errors from image pairs undergoing a fixed 200-μm lateral displacement to be within a zone of acceptable jitter errors. Beamforming was performed according to the PWTO* sequence. Fig. 5 shows jitter errors when varying the BA parameters. Based on the specific parameter combinations, the graph can be divided into two areas satisfying either the PWTO90* or PWTO50* conditions. For PWTO90*, the error distribution is consistent with [21] and [22] , i.e., errors tend to be smaller when the TO wavelength λ θ becomes lower or when the PSF width σ θ becomes smaller. Similarly, the trends for PWTO50* are in correspondence with the phase-based tracking results reported in [22] . Optimal values for the PWTO90* and PWTO50* were, respectively, λ θ = 5.25°and σ θ = 12.0°a nd λ θ = 3.00°and σ θ = 3.00°.
The final CRLB curves, using these optimal parameters, are shown in Fig. 6 . Similar trends as in Fig. 3 can be observed, i.e., heterodyning always lowered jitter errors. The lateral tracking performance in PWTO images is lower because the axial and lateral motions are intrinsically linked, i.e., displacement that occurs in the axial direction deteriorates the ability to accurately track laterally. PWTO* images do not suffer from this disadvantage as axial frequencies are removed during the process, while only the lateral frequency is retained Fig. 7 . Influence of SNR on performance in the case of lateral tissue motion: PWTO90* versus FOC and PWTO50* versus FOC. Note that for the jitter-related plots, only the beamformer able to achieve the lowest jitter at any given displacement/SNR combination is shown.
(and doubled). The CRLB formulation formally shows that this higher lateral frequency content more than makes up for the higher decorrelation rates of PWTO* compared with PWTO because the jitter levels are lower in the former case. Fig. 6 also shows that allowing the apodization functions to be windowed reduced jitter errors further. Given these trends, we decided to focus our analysis in the remainder of this paper on the heterodyned scenarios only, i.e., PWTO90* and PWTO50*. PWTO90* was the preferred beamformer compared with FOC up to a displacement of 125 μm, whereas PWTO50* extended this further up to 472 μm.
C. Influence of SNR
Three parameters determine the jitter in the CRLB equation. The influence of decorrelation ρ and frequency content g S S was discussed previously. This section is concerned with identifying the influence of SNR on jitter by varying its contribution from 10 to 30 dB. CRLB curves are computed using the optimal BA parameters from the previous section and are shown in Fig. 7 . As expected, a higher SNR led to lower jitter errors for the FOC, PWTO90*, and PWTO50* scenarios [see Fig. 7 (bottom) ].
Interestingly, when imaging conditions were more difficult, i.e., at combinations of higher displacement and lower SNR, the use of TO beamforming over FOC imaging was justified longer [see Fig. 7 (top) ]. Indeed, the SNR term in (17) modulates the relative contributions of g S S and ρ toward jitter error. When SNR becomes higher, the contribution of g S S is smaller and the advantage of having a higher frequency content is therefore less pronounced. Translating this into absolute jitter errors [see Fig. 7 (bottom) ], it can be seen that the PWTO90* sequence is preferred over FOC imaging up to 382 μm at 10-dB SNR, but only up 31 μm for 30-dB SNR. The PWTO50* sequence warranted use above 1000 μm at 10 dB and up to 151 μm at 30 dB. Fig. 8 shows that tissue being displaced in the axial direction shows negligble speckle decorrelation. Note that the displacement magnitude was the same as in the previous section where lateral tissue motion was investigated. A similar insignificant decorrelation rate was seen for tissue undergoing a rotation up to 4°(see Fig. 9 ). By means of comparison, at a depth of 60 mm, for example, this rotation corresponds to a maximal axial displacement of 146 μm toward the transducer and a maximal lateral displacement of 4185 μm. In both displacement scenarios, the "shearing" effect between neighboring PSF functions causing decorrelation as explained in Fig. 2 is not present. As such, as a result of (17) , the trends in the lateral jitter error between the beamforming scenarios are dominated by the amount of lateral frequency content. For both displacement scenarios, the PWTO* beamformer is therefore preferred over FOC imaging for all investigated SNRs. Furthermore, PWTO50* performed again better than PWTO90*, especially when SNR was lower [see Figs. 8 and 9 (bottom)].
D. Influence of Displacement Type
E. Potential Clinical Implications
The results in this paper can be used as a guide to determine optimal scanner settings in a clinical setting when images are to be acquired with the goal of cardiac deformation imaging in mind. More specifically, the insights gained from the lateral Fig. 8 . Influence of SNR on performance in the case of axial tissue motion: PWTO90* versus FOC and PWTO50* versus FOC. Note that for the jitter-related plots, only the beamformer able to achieve the lowest jitter at any given displacement/SNR combination is shown. Fig. 9 . Influence of SNR on performance in the case of rotational tissue motion: PWTO90* versus FOC and PWTO50* versus FOC. Note that for the jitter-related plots, only the beamformer able to achieve the lowest jitter at any given displacement/SNR combination is shown. Also note that the decorrelation scale is much smaller compared with Fig. 6 . motion scenario in Fig. 7 are used for this purpose as this motion mode produced the largest jitter errors and the largest differences between the FOC and PWTO beamformers, and therefore poses the most severe system design constraints.
As an example, we consider performing strain imaging in a four-chamber view of a normal volunteer. For illustration purposes, we assume an imaging depth of 10 cm and a line density of 3 beams per degree to definitely satisfy the spatial Fig. 10 . Preferred beamformer according to the CRLB when performing cardiac deformation imaging in a four-chamber view (imaged up to 10 cm and with 3 beams per degree), when the maximum lateral velocity is (a) 8.6 or (b) 4.32 cm/s, corresponding to the maximum reached during diastole and systole, respectively [41] . Note that the color-coded jitter error for any given opening angle/SNR combination is shown only for the preferred beamformer. The favored operation areas for the PWTO50* and FOC are separated by the curved black line.
Nyquist criteria. According to [41] , the maximum lateral velocity during the cardiac cycle is 8.6 cm/s and is reached during early diastole. We want to determine whether images should be acquired using FOC or PWTO50*, i.e., the best performing PWTO sequence. Tracking quality, here quantified by jitter, will be influenced by the image SNR and the amount of interframe displacements. The former is difficult to control in clinical practice as it is intrinsically determined by the patient, the acoustic window, and the probe output power. The interframe displacement is determined by the frame rate and, having fixed the line density, can be modified by changing the opening angle. Fig. 10 (a) translates this information and shows the perferred beamformer in terms of SNR and imaging opening angle. According to the theory developed in this paper, the use of PWTO beamforming remains only warranted for small opening angles. Increasing the opening angle (e.g., to image both walls of the ventricle) quickly selects the traditional FOC beamformer as the preferred imaging scheme, especially for high SNR values. The main cause is the higher interframe displacement and associated decorrelation that puts PWTO at a disadvantage. When one envisions determining only systolic function, conditions relax as shown in Fig. 10(b) . Since the maximum lateral velocity during systole is lower (4.32 cm/s [41] ), the use of PWTO50* is justified longer.
F. Limitations
This paper analyzed tracking performance from a theoretical point of view. This allowed to gain further insights without being biased toward a single motion estimator or being dependent on a particular implementation. It is important to note that the described trends are valid for unbiased motion estimators only. Biased motion estimators, on the other hand, have the potential to further improve performance [42] . Extending the analysis to this family of algorithms, however, falls outside the scope of this paper.
The CRLB assumed that the only factor affecting image quality was SNR. In the context of cardiac deformation imaging, however, it is known that image quality in transthoracic echocardiography tends to be relatively poor in part due to the presence of reverberations and (stationary) clutter from multipath and off-axis scattering. Further research is required to investigate the behavior of TO beamforming and its effect on tracking performance in the presence of these image artifacts. This could be studied by introducing artifacts into these simulations, e.g., by following the strategy described in [43] .
In order to more intuitively understand trends in tracking performance related to beamforming, motion modes were purposely restricted to bulk motion only. Nevertheless, in the context of strain imaging, further tests have to be performed on simulated elastography phantoms with inclusions (e.g., similar to the ones in [44] ) to finetune observations. These phantoms will result in larger 2-D displacement (and strain) gradients, potentially making tracking more challenging. Nevertheless, it should be noted that in this paper, 2-D displacement gradients were already present in the lateral/axial displacement scenarios as tracking was performed in beamspace.
Finally, the PWTO beamforming sequence was implemented in an SLA fashion for reasons explained earlier in Section II-C. As such, a fair comparison between PWTO and FOC could be performed since the frame rate was the same. This led to the clinical trends shown in Fig. 10 . However, given that PWs cover a larger field of view with every transmit, this also (artificially) limited frame rate and may therefore still underestimate the potential of PWTO. Further research will focus on investigating faster PWTO imaging schemes in combination with parallel beamforming to increase frame rate. For example, fewer PW emissions could be used to insonify the same region of interest and coherently summed afterward. Unfortunately, as shown in Fig. 1b , the receive-only PWTO approach used in this paper is incompatible with this scheme. Instead, the TOs could be introduced after a coherent summing scheme by filtering in the frequency domain [15] - [17] . However, this technique has only been described in the context of linear arrays, and further research is required to extent it to a sector scan as there may not be enough overlap between neighboring PWs to warrant the TO filtering approach. As an alternative, it has been suggested to coherently sum diverging waves instead as they would intrinsically cover a larger field of view [45] . The theoretical CRLB performance of these filtering approaches remains the topic of future research.
VI. CONCLUSION
We have contrasted several TO techniques against traditional focused beamforming to predict the fundamental tracking performance limits associated with both beamforming scenarios. The CRLB formulation in this paper provides a theoretical framework to select optimal TO parameters. It was found that BA functions that are windowed by the physical aperture of the transducer resulted in a better tracking performance compared with those who fall completely inside the aperture. Furthermore, the results presented in this paper highlight the importance of the fundamental tradeoffs between having a higher transverse image frequency content when using PWTO but at the cost of a higher decorrelation rate with increased lateral tissue displacement. These findings suggest that PWTO (and PWTO*) improve the lateral tracking performance over FOC imaging but only when interframe displacements remain relatively low.
APPENDIX A SIGNAL-TO-NOISE RATIO AFTER APODIZATION
In this Appendix, we quantify the effect of individual channel apodization on the SNR of the beamformed output signal. Consider a 1-D array consisting of M elements, each receiving a signal s i corrupted by channel noise n i . We assume that a standard beamformer has already properly delayed the individual channel signals s i . The output beamformed signal S, with the associated total noise term N, can be found after appropriately apodizing each channel with weight w i , followed by summing their contributions as:
Using the expectance operator E, the variance of the beamformed signal S can be expressed as where it was assumed that the individual noise channels have zero mean as well, i.e., μ n i = 0. We also expect a nonzero and constant noise channel variance, i.e., σ n i ≡ σ n , but we note that individual channels are uncorrelated with each other In this Appendix, we seek an expression for the signal frequency spectrum g S S ( f ) in terms of the apodization w r (ξ ) after applying heterodyning demodulation. In short, the approach we take is to perform the different heterodyning operations described by (10)-(15) directly in the Fourier domain, rather than first computing the resulting PSF p lat (x, z) in the spatial domain followed by a Fourier transform to obtain the signal spectrum.
This approach will require performing partial Hilbert transform operations in the Fourier domain. They can be found by considering Finally, (27) is obtained after the substitution of (26) in (B.11).
